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The electrochemical self-assembly of hierarchical 
dendritic BizSez nanostructures 


Can Han,?° Jia Yang,? Chang Yan,? Yi Li,? Fangyang Liu,*? Liangxing Jiang,? 
Jichun Ye*® and Yexiang Liu? 


Bismuth selenide (Biz2Sez) has proven to be an important material in thermoelectric and topological 
insulator applications. We report here a simple electrochemical self-assembly route for the preparation 
of well-defined hierarchical dendritic BipSez nanostructures. Cyclic voltammetry was used to study the 
electrochemical reactions relevant to the growth of the prepared bismuth selenide. The compositional, 
morphological and structural properties of the deposited nanostructures were characterized using 
energy dispersive X-ray spectroscopy (EDS), scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), X-ray diffraction (XRD), Raman spectroscopy and X-Ray Photoelectron Spectroscopy 
(XPS). The band gap of the prepared BizSez dendritic nanostructures was estimated to be 0.50 + 0.01 eV 
by a UV-VIS-NIR spectrophotometer and the dendritic Bi2Sez nanostructures showed an excellent 
photoelectrochemical activity. Additionally, based on the investigation on the evolution of the morphol- 
ogy and composition during electrochemical growth, a possible formation mechanism of the dendritic 
structures was concluded. Furthermore, the effects of some synthesis conditions on the morphologies of 


the deposited bismuth selenide nanostructures were studied. 


1. Introduction 


Due to the size, dimensionality and grain boundary structure 
effects in nanostructured materials, peculiar and unique prop- 
erties superior to those of bulk materials are exhibited. For 
example, fundamental electrical and optical properties such 
as the electrical conductivity and band gap of semiconductors, 
can be tuned to a satisfied level as the material size evolves 
from bulk phases to nanostructures.’ * In the past few years, 
nano-scaled materials have found extensive potential applica- 
tions in thermo and optic devices,™® electronics,’ magnetics? 
and catalysts.’ Nanostructures cover nanoparticles, nanorods, 
nanowires, nanotubes, nanobelts, quantum dots, etc. Building 
these nano-blocks into complex three-dimensional hierarchi- 
cal architectures can combine the advantages of these nano- 
scaled constructing units, which has been an important 
approach to realize functional nanosystems, and thus stimu- 
lates a great interest.‘° * 

As ubiquitous hierarchical structures in nature, which fol- 
low a branching growth and have a main stem from side 
branches,’* ** dendritic materials are found to be potential 
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materials in many fields. Up to now, many approaches have 
been developed for the controllable growth of hierarchically 
dendritic structured materials, including vapor-liquid-solid 
(VLS),*? layer-by-layer (LBL),*° hydrothermal method,” 
electrodeposition”’ etc. Among these techniques, electrodepo- 
sition presents a simple, quick, and economical method, 
which has been applied widely, especially in the field of func- 
tional material preparation.”* ~* 

Bismuth selenide (Bi,Se3) is a narrow band-gap semicon- 
ductor (Eş = 0.35 eV)” and exhibits a great potential in ther- 
moelectric*®”’ and topological insulator (TI) applications.”* 
In recent years, bismuth selenide compounds have been pre- 
pared into thin films or nanostructures, such as nanorods, 
nanospheres, nanowires, nanosheets, nanotubes, etc.*”** 
Among various fabrication methods, the electrochemical 
approach has been considered to be a promising way from 
the viewpoint of simplicity, low cost and feasibility for large- 
area production.”* Li et al. reported the preparation of Bi,Se; 
thin films through electrodeposition using Bi(NO3)3-5H,O 
and SeO, as starting materials.” Xiao et al. studied the 
electrochemical behaviors during the formation of bismuth 
selenide thin films via the route of electrochemical atomic 
layer deposition.*° Torane et al. accomplished the prepara- 
tion of Bi,Se; thin films from both an acidic bath? and a 
nonaqueous medium.*’ Furthermore, Bi,Se3 thin films were 
also fabricated by galvanostatic deposition.** However, there 
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have been no reports about the preparation of hierarchical 
nanostructured bismuth selenide compounds via a simple 
electrochemical process to date. 

In this paper, we first report an electrochemical synthesis 
of the novel hierarchical dendritic nanostructures of bismuth 
selenide from an electrolyte solution using Bi(NO3)3-5H,O 
and SeO, as the ion sources and KSCN as the complexing 
agent. Based on our experimental results, a possible forma- 
tion mechanism was proposed. In addition, the effects of 
some synthesis conditions, such as the KSCN additives in the 
electrolyte, the deposition potential and the deposition tem- 
perature on the morphology of the bismuth selenide nano- 
structures were discussed. 


2. Experimental 


The electrochemical experiments, including cyclic voltammetry (CV) 
and electrodeposition, were carried out in a stagnant three- 
electrode cell configuration with a commercial SnO,-coated 
glass substrate (Qinhuangdao Yaohua Xingye Coating Glass 
Co., Ltd, China, 20 Q sq”) as the working electrode, a pure 
graphite plate as the counter electrode and a saturated 
calomel electrode (SCE) as the reference electrode. All poten- 
tials in this work were reported with respect to this reference. 
The SnO,-coated glass substrates were ultrasonically cleaned 
in acetone, ammonia and alcohol in sequence, and then 
rinsed with deionized water (18.2 MQ cm‘), and subse- 
quently dried. The electrolyte solution contained 2 mM 
Bi(NO3)3, 2.5 mM H,SeO3, and 0-20 mM KSCN as a 
complexing agent. The pH of the electrolyte was adjusted to 
0.50 by adding drops of concentrated HNO3. 

A Princeton Applied Research 2273A potentiostat was used 
for all of the electrochemical experiments. The cyclic 
voltammograms were measured at a scan rate of 5 mV s” 
and scanned first to the negative direction. All film deposi- 
tions and CV measurements were performed in a stagnant 
bath to maintain the designed temperature. 

The chemical composition of the obtained deposits was 
characterized by energy dispersive X-ray spectroscopy (EDS, 
EDAX-GENSIS60S). The morphologies of the bismuth selenide 
samples were observed using scanning electron microscopy 
(SEM, Nova Nano SEM230) and transmission electron micros- 
copy (TEM, JEM-2100F), by which the corresponding selected 
area electron diffraction (SAED) and high-resolution transmis- 
sion electron microscopy (HRTEM) results were also collected. 
In addition, the crystalline phase of the products was identified 
by X-ray diffraction (XRD, Rigaku 3014). The identification of 
elements and related valence state analysis was conducted by 
X-Ray Photoelectron Spectroscopy (XPS, K-Alpha 1063). Raman 
spectroscopy (Jobin-Yvon LabRAM HR-800, Horiba) was used to 
further confirm the phase composition of the electrodeposited 
products. Furthermore, the optical and electrical properties of 
the deposits were measured by a UV-VIS-NIR spectrophotometer 
(UV-VIS-NIR, Hitachi U-4100) and photoelectrochemical (PEC) 
tests (photocurrent-potential tests). The PEC tests were carried 
out in a 0.5 M H,SO, solution, and a Newport 300 W xenon 


lamp was used as the light source with the light intensity kept 
at 100 mW cm”. 


3. Results and discussion 


3.1. Cyclic voltammograms of the unitary Bi and Se systems 
and the binary Bi-Se system 


The electrochemical reactions relevant to the growth of bis- 
muth selenide intermetallic compounds were studied by 
cyclic voltammetry. Fig. 1a shows the cyclic voltammograms 
for the SnO, electrode in the unitary Bi system containing 2 
mM Bi(NO3)3 and 10 mM KSCN. It should be noted that the 
cathodic/anodic peak potentials are used in our CV analysis, 
rather than the potential of the half wave in order to simplify 
the analysis process. From Fig. 1a, two distinct waves with 
the cathodic peak at about -0.23 V and the anodic peak at 
about 0.06 V can be observed, which correspond to the reduc- 
tive deposition of Bi** in the solution (eqn (1)) and the oxida- 
tive dissolution of the deposited Bi, respectively.*” In addition, 
there is another cathodic peak at about -0.65 V in the curve, 
which can be attributed to the hydrogen evolution in the 
electrolyte solution (eqn (2)).°° 


Bi** + 3e = Bi (1) 
2H’ +2e =H, (2) 


Fig. 1b illustrates the cyclic voltammograms for the SnO, 
electrode in the unitary Se system containing 2.5 mM H,SeO; 
and 10 mM KSCN. For the H,SeO; solution, the curve dis- 
plays two cathodic peaks at -0.17 V and -0.61 V. In combina- 
tion with previous studies,*** the weak cathodic wave with 
the peak at about -0.17 V corresponds to the selenium depo- 
sition through the four-electron reduction of Se(iv) to Se(0) 
proceeded by eqn (3). Another cathodic wave with a peak at 
about -0.61 V corresponds to the six-electron reduction of 
Se(1v) to Se(-) according to eqn (4). The product Se(-n) then 
undergoes a comproportionation reaction with Se(1v) in the 
solution (eqn (5)), leading to the chemical formation of 
Se(0).*° This process of selenium deposition according to the 
reactions of eqn (4) and (5) seems like the four-electron 
reduction (eqn (3)) when the concentration of H,SeO3 is high 
enough. Furthermore, the anodic current is always negative, 
and there is no obvious peak emerging during the positive 
scanning process, indicating that the applied potentials were 
not positive enough for the oxidation of Se, ie. very little of 
the deposited selenium was redissoluted. This fact can also 
be confirmed from the observed basically unchanged color 
and the thickness of the deposits in our experiment process. 


H,SeO; + 4H’ + 4e = Se + 3H,0 (3) 
H,SeO; + 6H’ + 6e€ = H,Se + 3H,0 (4) 
H,SeO; + 2H,Se = 3Se + 3H,O0 (5) 
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Fig. 1 Cyclic voltammograms of the SnO2-coated glass substrate in (a) the unitary Bi system (containing 2 mM Bi(NOz)z and 10 mM KSCN), (b) the 
unitary Se system (containing 2.5 mM H2SeO3 and 10 mM KSCN) and (c) the binary Bi-Se system (containing 2 mM Bi(NO3z)z, 2.5 mM H2SeOz and 


10 mM KSCN), scan rate = 5 mV s+, potentials vs. SCE. 


Fig. 1c presents the cyclic voltammograms for the SnO, 
electrode in the binary Bi-Se system containing 2 mM 
Bi(NO3)3, 2.5 mM H,SeO3 and 10 mM KSCN. In the negative 
scanning process of the applied potential, a cathodic wave 
peaking between -0.05 V and -0.20 V with a much larger cur- 
rent density than that of the unitary Se system is observed, 
which can be ascribed to the deposition of Bi,Se3. This is 
supported by the following characterization of the deposits 
and because the reductive deposition of Se occurs earlier 
than that of Bi, which then induces the formation of Bi,Se; 
with Bi** in the solution (eqn (6)), releasing a reactive Gibbs 
free energy of -316.392 kJ mol * (at 298 K). Compared with 
the reductive peak of Bi** at -0.23 V in the unitary Bi system 
(Fig. 1a), the deposition of Bi,Se3; shows a significant positive 
shift. This is characteristic of the induced underpotential 
deposition mechanism, which is caused by the large free 
energy release in the formation of Bi,Se3. In addition, the 
peak corresponding to the six-electron reduction reaction of 
Se also presents an obvious positive shift, suggesting that 
this Bi,Se3-modified surface lowered the overpotential of the 
H,SeO;3 reduction; the generated H,Se immediately reacts 
with Bi** in the solution according to eqn (7), thus the other 
cathodic wave with the peak (Fig. 1c) at about -0.43 V can be 
reasonably assigned to another route of Bi,Se; formation 
undergoing the reaction through eqn (7). As for the anodic 


wave, the continuous negative anodic current shows that the 
applied potentials were not positive enough for the oxidation 
of the deposits, and the peaks at about 0.02 V and 0.35 V 
may correspond to the unconspicuous oxidation of Bi and 


Bi,Se3, respectively.°7*7 
2Bi** + 3Se + 6e = Bi,Se; (6) 
2Bi** + 3H,Se = Bi,Se; + 6H* (7) 


3.2 The characterization of the prepared Bi,Se; nanostructures 


A typical potentiostatic electrolysis of bismuth selenide com- 
pound films was carried out at -0.15 V in a solution of 2 mM 
Bi(NO3)3, 2.5 mM H,SeO3 and 10 mM KSCN for 60 min at 
room temperature (25 °C). The surface morphologies of the 
deposits were examined with SEM, and the representative 
SEM images with different magnifications are shown in 
Fig. 2. It can be clearly observed from Fig. 2a that the pre- 
pared sample is in a symmetrical dendritic shape with spiked 
branches. The central trunk is composed of orderly and 
closed-packed secondary branches in hundreds of nanome- 
ters, and the total length of the prepared bismuth selenides 
dendrites can be 5-10 um. From the higher magnification 
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Fig. 2 SEM images of prepared bismuth selenide nanostructures at (a) 10 000x and (b) 30 000x, the electrolyte contains 2 mM Bi(NO3)3, 2.5 mM 
H2SeOz, and 10 mM KSCN (pH = 0.50), deposited at -0.15 V vs. SCE and for 60 minutes. 


SEM image shown in Fig. 2b, it can be seen that these sec- 
ondary branches were actually constructed with orderly nano- 
particles with the size of several nanometers (which has been 
circled in the figure). The representative EDS pattern of the 
deposits is shown in Fig. 3. Selenium peaks at about 1.25 keV 
and 11.25 keV and bismuth signals at about 2.50 keV and 
10.75 keV were observed. The composition analysis results of 
the sample revealed a composition of 39.88 atom% Bi and 
60.12 atom% Se, implying the stoichiometry of Bi,Se3 of the 
prepared deposits. 

Fig. 4 shows the typical XRD pattern of the electro- 
deposited bismuth selenide compounds, which reveals that 
the data are consistent with a rhombohedral Bi Se; crystal 
structure [space group (R3m) (166)], and the unit cell of 
Bi,Se3; can be displayed using a hexagonal coordinate system 
(JCPDS 33-0214). For this crystalline structure, the layered 
Bi,Se3; is composed of hexagonal close-packed atomic layers 
which are periodically arranged along the c-axis with quintu- 
ple layers ordered in the Se-Bi-Se-Bi-Se sequence,**** as 
shown in the inset of Fig. 4. Moreover, the peaks of SnO, 
were also observed, which come from the substrate. 


2.00 400 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 


Energy - keV 
Fig. 3 The representative spectrum of EDS with the quantitative 
analysis of the sample potentiostatically deposited at -0.15 V for 
60 minutes in a 2 mM Bi, 2.5 mM Se and 20 mM KSCN solution. 
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Fig. 4 The XRD pattern of the dendritic BizSe; nanostructures 
deposited at a constant potential of -0.15 V for 60 minutes in a 2 mM 
Bi, 2.5 mM Se and 20 mM KSCN solution. (The insert is the space cell 
of the BizSez crystal structure, the solid straight lines correspond to 
the covalent bonds.) 


Further characterization by transmission electron micros- 
copy (TEM) was carried out. The TEM image of the prepared 
Bi,Se, dendrite is shown in Fig. 5a and the corresponding 
typical SAED pattern recorded from the top of the central 
trunk is presented in the inset of Fig. 5a. The electron diffrac- 
tion pattern consists of some diffraction spots and polycrys- 
talline diffraction rings, indicating that the dendritic Bi,Se; 
nanostructures are actually polycrystalline. In addition, the 
brightest diffraction spots in the SAED pattern correspond to 
the (0 1 5) crystal plane, which is consistent with the main 
diffraction peak in the previous XRD pattern. Further analysis 
was conducted through a recorded typical HRTEM image in 
the fringe of the branch (Fig. 5b). A series of parallel and 
alternating dark and bright stripes can be seen in Fig. 5b, 
but the crystal orientation of each grain is different. The 
spacings of 2.24 nm and 2.11 nm correspond to the (1 0 10) 
and (0 1 11) planes, respectively. The angle between the two 
faces is 63.4°, which is also in good agreement with the lat- 
tice parameters for hexagonal Bi,Se3, JCPDS card no. 33-0214. 
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Fig. 5 (a) A TEM image (the inset is the SAED pattern), (b) HRTEM 
image, and (c) the corresponding FFT ED pattern of the sample 
potentiostatically deposited at -0.15 V for 60 minutes in a 2 mM Bi, 
2.5 mM Se and 20 mM KSCN solution. 


Fig. 5c is the Fourier transform (FFT) pattern of Fig. 5b and 
the crystal planes corresponding to different bright spots 
have been marked in the figure. 

Then, a surface analysis of the prepared bismuth selenide 
sample was carried out using X-ray photoelectron spectros- 
copy (XPS), which has been broadly applied in the identifica- 
tion of elements, the corresponding valence state and the 
semi-quantitative estimation in compounds. Fig. 6 shows the 
XPS spectra of the as-prepared Bi,Se; nanostructures. From 
the survey spectrum (Fig. 6a), no peaks for other elements 
except Bi, Se, O, C and Sn were detected, indicating the high 
purity of the resulting product.*”** The high-resolution core 
spectra for Se 3d and Bi 4f are shown in Fig. 6b and c. The Se 
3d spectrum consists of two peaks related to the valence state 
of Se(-1) in the Bi,Se; compounds: one at about 53.45 eV 
which corresponds to Se 3ds,. and the other at 54.18 eV 
which corresponds to Se 3d3/2. These binding energies of the 
Se 3d peaks show a splitting of 0.73 eV (vs. reported value of 
0.7 eV). As for the Bi 4f spectrum, the Bi 4f; peak at about 
157.98 eV and the 4f;/. peak at about 164.28 eV related to the 
valence state of Bi(m) in the Bi,Se; compounds are observed 
in Fig. 6c, which displays a splitting of 5.30 eV (just as the 
reported value). Furthermore, when comparing the obtained 
data with those of the pure bulk elemental Se and Bi, a red 
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Fig. 6 The XPS spectra of the dendritic BizSez nanostructures potentiostatically deposited at -0.15 V for 60 minutes in a 2 mM Bi, 2.5 mM Se and 
20 mM KSCN solution: (a) a typical XPS survey spectrum; (b) the high-resolution XPS core spectra for Se 3d; (c) the high-resolution XPS core spec- 


tra for Bi 4f. 
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shift of about 1.1 eV of Se and a blue shift of about 1.38 eV of 
Bi can be calculated.*® The opposite shifts are caused by the 
charge transfer from Bi to Se when the chemical bonds form 
in the bismuth selenide compound. The related data are 
presented in Table 1, which agree well with the information 
reported for Bi** and Se” in the Bi,Se; compounds.*°*° How- 
ever, another two peaks corresponding to Bi 4f in Bi,O; were 


Table 1 The binding energy in the XPS spectra of Bi, Se and the BizSez 
in the as-prepared sample 


Binding energy (eV) 


Transitions Experimental data Reported data*® 
Bi 4fz/2 157.98 157.6 
Bi 4f5/ 163.28 162.9 
Se 3d5/2 53.45 53.3 
Se 3d3/2 54.18 54.0 
Bi 4f, (pure element) — 156.6 
Bi 4f; (pure element) — 161.9 
Se 3d; (pure element) — 54.5 
Se 3d; (pure element) — 55.3 
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Fig. 7 The Raman spectra of the dendritic BizSez nanostructures 


deposited at a constant potential of -0.15 V for 60 minutes in a 2 mM 
Bi, 2.5 mM Se and 20 mM KSCN solution. 
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detected, with the Bi 4f;/. at about 159.08 eV and 4f;;2 peak at 
about 164.38 eV,“ which suggests that some of the Bi atoms 
in the surface of our sample were oxidized in the air. 

To further confirm the phase information of our sample, a 
Raman test was adopted to characterize the prepared Bi,Se3 
nanostructures, and the corresponding Raman spectrum is 
shown in Fig. 7. There are three characteristic peaks at 69 cm’, 
129 cm™ and 171 cm“, which are, respectively, consistent with 
the three vibrational modes of A`, Ez and Ag”, as reported for 
the Bi,Se; phase.*°** Again, a peak corresponding to Bi,O3 at 
94 cm * (ref. 48) was observed, implying the partial oxidation of 
Bi in the deposits, which is in accordance with the XPS results. 

In order to preliminarily estimate the performance of the 
synthesized dendritic nanostructures compared with the 
Bi,Se; film (prepared at -0.15 V and 50 °C in the electrolyte 
solution containing 2 mM Bi(NO3)3, 2.5 mM H,SeO3, and 
10 mM KSCN), optical transmittance tests using a UV-VIS-NIR 
spectrophotometer and some photoelectrochemical tests 
were conducted. According to the optical transmittance tests, 
the absorption coefficients of both samples are higher than 
10* cm™ in the visible region (about 350-770 nm), supporting 
the direct band gap nature of the material.’ Fig. 8 shows the 
plots of (ahyv)’ with hv (photon energy), which are converted 
from the transmission spectra recorded in the wavelength 
range of 300-2500 nm, without taking into account the reflec- 
tion and scattering loss. Based on the allowed direct inter- 
band transition, the band gaps of the Bi,Se; nanostructured 
dendrites and Bi,Se; film are determined to be 0.50 + 0.01 eV 
and 0.35 + 0.01 eV, respectively. The estimated value of the 
Bi Se; dendritic nanostructures is higher than the reported 
0.35 eV” of common Bi,Se; thin films, which can be reason- 
ably ascribed to the energy level separation as the size of the 
crystalite decreases.* 

Fig. 9 displays the photocurrent-potential curves obtained 
by a photoelectrochemical test of both the deposited den- 
dritic Bi Se, nanostructures and Bi,Se; film in a 0.5 M H,SO, 
solution, respectively. It is shown that the onset potential 
of the photocurrent is at about 0.3 V, and the photocurrent 
densities increase with the negative shift of the cathodic 
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Fig. 8 The plot of (ahv)? vs. hv for the dendritic Bi3Se; nanostructures (a) and BiSe; film (b); the estimated optical band gaps are 0.50 + 0.01 eV 


and 0.35 + 0.01 eV, respectively. 
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Fig. 9 The photocurrent-potential plot of the dendritic BizSez 
nanostructures and Bi2Sez film in 0.5 M H2SO, under 100 mW cm? 
illumination. 


potential, indicating the p-type conductivity of both samples.” >” 


Nevertheless, the photocurrent densities of the Bi,Se3; nano- 
structures are visibly higher than those of the Bi,Se3 film, 
demonstrating that the obtained dendritic Bi,Se,; nanostruc- 
tures have a better photoelectrochemical property than that of 
the Bi Se, film. This phenomenon can be attributed to the 
large specific surface area in the dendritic nanostructures, 
which provides an adequate region for the separation of 
electron-hole pairs upon the interface of the semiconductor/ 
solution. Moreover, the photocurrent-potential curve of the 


Bi,Se; film shows obvious electrochemical reductive peaks as 
the applied potential scans negatively, while the curve of the 
dendritic Bi,Se; nanostructures presents a much more stable 
varying pattern, indicating that the dendritic Bi,Se; nano- 
structures have a purer phase construction and a more stable 
photochemical response than that of the Bi,Se3 film.” 

All of the above results allow us to conclude that dendritic 
Bi,Se; nanostructures were obtained in this work. To the best of 
our knowledge, this is the first report that the hierarchical den- 
dritic Bi Se; nanostructures can be prepared via an electrodepo- 
sition method. Furthermore, the prepared dendritic Bi,Se3 
nanostructures show an excellent photoelectrochemical activity. 


3.3. The possible growth mechanism of the dendritic Bi,Se; 
nanostructures and the effects of the additive, the deposition 
potential and the temperature on the morphology and 
composition of the deposits 


In order to clarify the formation mechanism of the dendritic 
structure, the evolution of the morphology with the extension 
of time was investigated as shown in Fig. 10a-e. At the initial 
stage of electrodeposition (Fig. 10a), clusters developed from 
electrochemical nucleation and growths with a mean size of 
about 500 nm were formed on the substrate dispersedly, some 
of which started to grow in preferred orientations, showing an 
original dendritic shape (insert of Fig. 10a). When prolonging 
the time to 5 min, the cluster became dense and distributed 
homogeneously around the substrate (Fig. 10b). As deposition 


Fig. 10 SEM images of the deposits prepared at various durations: (a) 1 min (the insert is a detailed view at 50000x); (b) 5 min (the insert is a 
detailed view at 50 000x); (c) 10 min; (d) 20 min; (e) 40 min; (f) 60 min. All the samples were deposited at -0.15 V for 60 minutes in a 2 mM Bi, 


2.5 mM Se and 20 mM KSCN solution. 
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continued, almost all of the clusters were developed into 
hierarchical dendritic structures (Fig. 10c), which showed a 
further increased volume (Fig. 10d) and sub-branches (insert 
of Fig. 10d). It is noteworthy that a significant differentiation 
in volume appeared between these hierarchical dendritic 
structures during the electrochemical nonequilibrium growth 
as can be seen in Fig. 10e. The larger dendrites can capture 
the reactive ions from the bulk electrolyte more easily, lead- 
ing to further size increasing of themselves in trunks and 
branches, which cover the whole substrate finally, as 
displayed in Fig. 10f. The smaller clusters seem to stop grow- 
ing due to the lack of reactive species nearby, as can be iden- 
tified in the circle of Fig. 10f. 

The atomic compositions of the deposits at different dura- 
tions were obtained using EDS, as shown in Fig. 11. A notice- 
able phenomenon can be observed that when the deposition 
time was less than 10 minutes, the average atom ratios of Bi 
and Se across the specimens present an increasing trend until 
the ratio of 2:3 is reached, while the detected composition at 
the dendritic structure locations (insert of Fig. 11) has the 
stoichiometry of Bi,Se3 at the very beginning, and remains at 
this atom ratio with the deposition going on. That is to say, 
the Bi,Se; dendritic nanostructures were self-assembled from 
Se-rich deposits formed in the initial stage of the electrodepo- 
sition process. Combined with previous CV curves of the 
unitary Bi and Se systems (Fig. 1a and b), the potential corre- 
sponding to the reductive peak of H,SeO; is more positive 
than that of the Bi** ions in the electrolyte, thus the deposi- 
tion of Se occurred earlier than Bi, and the assumption can be 
proposed that, at the beginning duration of deposition, Se 
ions was deposited first, which then induces the reduction of 
the Bi ions in the electrolyte. It is noteworthy that besides part 
of the deposited Se joining in the assembly of Bi,Se; com- 
pound clusters, the redundant Se results in the higher content 
of Se across the specimen than that of the cluster locations. 
As the deposition continues, the Bi** ions with an increased 
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Fig. 11 The EDS composition of the average deposits prepared at different 
durations between 1 min and 60 min. (The insert is the EDS composition 
of the pointed dendritic structure locations in different deposits.) 


number in the electrolyte are reduced to combine with the 
deposited Se, and more Bi,Se; compounds are formed, which 
grow along the preferred directions, sprouting branches and 
sub-branches in sequence. Finally, the well-defined hierarchi- 
cal dendritic Bi Se, nanostructures are fabricated. 

On the basis of the analysis presented above, the 
evolvement process of the acquired Bi,Se; dendritic nano- 
structures should comply with the following rules: first, 
clusters with the stoichiometry of Bi,Se; are formed from 
a Se-rich soil, which are subsequently developed into a 
primitive dendritic shape at the early stage of the process; 
then, branches and sub-branches are developed from the 
original dendritics, which grow into hierarchical nanostruc- 
tures finally. 

In our experiment, the concentration of KSCN was found 
to be a key factor that affects the morphologies of the prepared 
bismuth selenides. Fig. 12a-e illustrates the change of the 
deposit morphologies with the presence of KSCN. When no 
KSCN was present, thin films with flower-like clusters com- 
posed of wispy nanosheets were obtained (Fig. 12a). When 
5 mM KSCN was introduced, the bismuth selenide compounds 
demonstrate lumps in a different shape-controlled way (Fig. 12b). 
When the concentration of KSCN reached 10 mM, the mor- 
phology changed to be the wanted dendritic nanostructures 
(Fig. 12c). When the KSCN addition was increased to 15 mM, 
the dendritic structures grew thicker (Fig. 12d), and a dramatic 
morphological transition from dendritic to flower-like occurred 
when 20 mM KSCN was added into the solution (Fig. 12e). The 
remarkable impact of KSCN on the production of Bi,Se; with a 
dendritic nanostructured morphology could be reasonably 
attributed to the adsorption effect of KSCN. It is well known 
that KSCN is a common chemical reagent in the electroplating 
industry, which contains a thiocyanate group as the ligand in 
the electrolyte. According to the Gibbs-Wulff theorem,”**? 
additives can be used to control the morphology of the pre- 
pared sample through tuning the surface energies of specific 
crystallographic faces. Generally, when inorganic crystals are 
formed under equilibrium condition, the growing direction is 
determined by the relative order of the surface energies. In the 
process of the electrodeposition, as an appropriate amount of 
KSCN is introduced into the electrolyte, the Bi** and SeO;” 
ions near the surface of the crystal are likely to be reduced, and 
the deposited atoms are adsorbed on some positive polar faces 
without passivation by additives, resulting in a faster growth 
along certain directions (such as the (0 1 5) plane in this study). 
However, when no or little KSCN is added in the electrolyte, 
the deposited bismuth selenides would grow basically 
according to their intrinsic crystal surface energy, as shown in 
Fig. 12a and b. On the other hand, deposits produced from the 
electrolyte with too high a KSCN concentration would also 
grow in uncertain orientations due to the excess passivation 
effect of the introduced additive on various crystal planes, just 
as the observed flower-like morphology in Fig. 12e. 

Furthermore, as important parameters in electrodeposi- 
tion technology, the effect of the deposition potential and the 
deposition temperature were also investigated. Fig. 13 presents 
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Fig. 12 SEM images of the deposits prepared with different concentrations of KSCN: (a) 0 mM; (b) 5 mM; (c) 10 mM; (d) 15 mM; (e) 20 mM. All 
samples were deposited at -0.15 V for 60 minutes, and the electrolyte solution always contained 2 mM Bi(NOz)z and 2.5 mM H2SeOs. 


the morphology and dimension change of the product caused a dramatic morphology change happened when the deposi- 
by the deposition potential. When deposited at -0.05 V, the tion potential reached -0.10 V. As can be seen from Fig. 13b, 
product consisted of clusters with nanosheets (Fig. 13a), and structures of immature dendritics were gained at this 


Fig. 13 SEM images of the deposits prepared at different deposition potentials: (a) -0.05 V; (b) -0.10 V; (c) -0.15 V; (d) -0.20 V; (e) -0.25 V. 
The corresponding electrolyte solution always contained 2 mM Bi(NO3)z, 2.5 mM H2SeOz and 10 mM KSCN. 
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Fig. 14 The EDS composition of the deposits prepared at different 
deposition potentials varied from -0.05 V to -0.25 V. 


potential. When the deposition potential was -0.15 V and 
-0.20 V, the previous dendrites had developed into well- 
defined hierarchical dendritic nanostructures. However, as 
the deposition potential value arrived at -0.25 V, a deteriora- 
tion in the dendritic morphology of the deposits emerged, 
and the homogeneity of the hierarchical dendritic structures 
on the substrate became markedly weakened. Furthermore, 
from the EDS analysis of the deposits in Fig. 14, the composi- 
tion of the deposited bismuth selenides stays at the stoichi- 
ometry of Bi,Se; with the deposition potential change, 


illustrating that the electrochemical process of the bismuth 
selenides follows a diffusion-controlled way, which provides 
an essential condition to promote the formation of the 
expected hierarchical dendritic nanostructured products. 

Fig. 15 shows the morphology evolution of the sample with 
the deposition temperature change. It can be seen that the 
dendritic structures are degenerated gradually as the deposi- 
tion temperature goes up. This phenomenon should be 
ascribed to the elimination effect of the temperature increase 
on the ion concentration polarization in the electrolyte, which 
is the governing factor in diffusion-controlled processes. 


4. Conclusions 


Well-defined hierarchical dendritic Bi Se, nanostructures 
have been synthesized onto SnO,-coated glass substrates by 
potentiostatic electrodeposition from an aqueous acid bath 
containing Bi(NO3)3, H,SeO3 and KSCN at 25 °C. The den- 
dritic Bi,Se; nanostructures have a band gap of 0.50 + 0.01 eV, 
and show a more excellent photoelectrochemical property 
than the Bi,Se; film. Combined with CV analysis and our 
experiment results, the hierarchical Bi,Se; dendritic nano- 
structures are grown from the primitive dendritics, which are 
developed from the clusters formed from a Se-rich soil at the 
initial stage of the electrodeposition. Furthermore, KSCN was 
found to be a structure directing agent that affects the mor- 
phology of the products. In addition, the deposition potential 
and the deposition temperature also play important roles on 
the morphologies of the prepared bismuth selenides. 


Fig. 15 SEM images of the deposits prepared at different deposition temperatures: (a) 25 °C; (b) 30 °C; (c) 40 °C; (d) 50 °C; (e) 60 °C. All samples 
were deposited at -0.15 V for 60 minutes, and the electrolyte solution always contained 2 mM Bi(NOsz)z, 2.5 mM H2SeOz and 10 mM KSCN. 
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